To shed light on the organisation of the Xenopus laevis telencephalon, we have used two sets of developmental regulators: genes acting in early regional specification (x-Dll3, x-Nkx2.1, x-Emx1, x-Pax6, x-Eomes) or in cell determination (x-Lhx5 and x-Lhx7). After expression patterns analysis, separately or combined, on whole-mount brains and serial sections, we identify the Xenopus pallium and subpallium, and the subdivisions herein. The data show a conservation of the same basic Bauplan for Xenopus forebrain patterning compared to other vertebrates, and suggest the possibility for LIM-homeodomain genes to be candidate downstream target of the regionalisation genes. Comparing the relative sizes of the deduced subdivisions, Xenopus seems to have an intermediate phylogenetic position in terms of pallium contribution to the telencephalon, and ventral pallium contribution to the pallium. q
Introduction
In the past few years, it has been well established that the development of the anterior brain proceeds as it does for the hindbrain, following a pseudo-segmental process leading to the formation of subdivisions named prosomeres (Puelles, 1995; Puelles and Rubenstein, 1993) . These embryonic forebrain subdivisions, which can be recognised according to both histological and molecular criteria, and which correspond to future adult functional units, were first described in mammals. Today, some other species among the vertebrate lineage have been studied, and they all appear to share the same basic mechanisms for the early patterning of the central nervous system. Hence, the forebrain of mouse, chicken (Figdor and Stern, 1993; Puelles et al., 2000) , zebrafish (Hauptmann and Gerster, 2000; Wullimann and Puelles, 1999) and lamprey (Murakami et al., 2001; Pombal and Puelles, 1999) have been analysed through the expression patterns of a relatively small number of developmental, mainly homeobox containing genes. The expression domains and boundaries of genes such as Pax, Dlx, Nkx, Emx and Tbr are nested in the forebrain and allow the definition of the pallio-subpallial margin and of the main subdivisions inside the pallium (pa) and the subpallium (spa, see Table 1 for abbreviations). Such analyses have led to the proposal of a common Bauplan to build the forebrain in the phylum of vertebrates. Hence, the fore-cited species all display a forebrain divided into two main parts, the diencephalon (the more posterior, including prosomeres P1 to P4) and the telencephalon (the more anterior, including prosomeres P5/P6), itself divided into a pallial and a subpallial compartment. The pallium is subdivided into the four following regions with correspondences in the adult brain: the medial pallium (MP, future hippocampus), the dorsal pallium (DP, or isocortex), the lateral pallium (LP, future olfactory cortex and part of the amygdala) and the ventral pallium (VP, the claustrum and another part of the amygdala). The subpallium comprises three subdivisions: the lateral and the medial ganglionic eminences (lge and mge) that will, respectively, give rise to the striatum and the pallidum, and the telencephalic stalk which includes the future septum and other cholinergic nuclei.
Curiously, although widely used as a model species in developmental biology, and a representative species of the anamniote/amniote transition in the vertebrate lineage, Xenopus laevis has received little attention concerning the genetic specification of its telencephalon. Although the sequences and overall expression patterns of x-Dll3 (Papalo-pulu and Kintner, 1993), x-Nkx2.1 (Small et al., 2000) , x-Emx (Pannese et al., 1998), x-Pax6 (Hirsch and Harris, 1997 ) and x-Eomes (for Xenopus eomesodermin) (Ryan et al., 1996 (Ryan et al., , 1998 were described in the past few years, the available data are dispersed and embryonic Xenopus forebrain has never been systematically studied in terms of genetic specification of subdivisions. Even though some studies have been done, mostly in adults (Milan and Puelles, 2000; Brox et al., 2002) , it remains uncertain whether the fore-cited Bauplan can be found in amphibians as well as whether the prosomeric concepts can be applied to the embryonic Xenopus forebrain. Moreover and importantly, some parts of mouse telencephalon still do not have obvious homology in the embryonic Xenopus forebrain (reviewed in Striedter, 1997) .
In this study, we used x-Dll3, x-Emx1, x-Nkx2.1, x-Pax6 and x-Eomes (a T-box family gene, Papaioannou, 2001 for a review), to map Xenopus forebrain subdivisions at embryonic stages 32, 35 and 40 (2-3 days of development). We consider these genes as key regionalisation genes as their expression patterns are strongly conserved across evolution, and their inactivation in mammals leads to alteration of the major forebrain subdivisions. For example, the loss of Nkx2.1 function results in a ventral to dorsal molecular re-specification within the subpallium, leading to the transformation of the pallidal primordium into a striatal-like anlage (Sussel et al., 1999) . In Pax6 2/2 mice, the pallio-subpallial border is shifted dorsally and the subpallium is enlarged at the expense of the ventral pallium (Bishop et al., 2000; Toresson et al., 2000; Yun et al., 2001) . These experiments strongly suggest that Nkx2.1 and Pax6 are essential regulators for the pallidum and the pallium, respectively, and function in the specification of telencephalic subdivisions along its rostro-caudal axis. In this study, the detailed and precise analysis of expression patterns of this set of patterning genes allowed us to show the same basic organization of compartments in Xenopus as in mouse or chick developing telencephalon.
To further investigate the question of homology within the telencephalon, we also used another set of markers, the LIM-homeodomain genes (LIM-hd). As compared to the previous genes, they act at another level during territory definition. This multigene family of transcription factors is indeed known to be involved in the establishment of cell fate determination and axonal connections (Jessell, 2000) during brain embryogenesis. Because their expression patterns are well documented in Xenopus developing forebrain (Bachy et al., 2001 (Bachy et al., , 2002 , they strengthen our proposal for a localisation of the olfactory bulb and the lateral ganglionic eminence and appear very helpful to complement and corroborate forebrain subdivisions deduced from previous telencephalic specification genes.
Results and discussion
To understand the organization of Xenopus developing forebrain, we have used five genes: x-Dll3, x-Nkx2.1, xEmx1, x-Pax6 and x-Eomes, to perform whole-mount in situ hybridisations. The results are presented in Fig. 1 on dissected brains from stage 32 and 35 embryos. Next, we have performed double-colour in situ hybridisation to precisely localise each marker with respect to each other, and the analysis has been carried out on sections from stage 32/35 to 40 embryos (Figs. 2 and 3) . Finally, we have used members of the LIM-hd family as additional markers to go further into precise territory definition (Fig. 4) . A model summary is presented in Figs. 5 and 6.
Whole-mount brain analysis
As previously defined (Bachy et al., 2001) we delineate the telencephalon by a line drawn from the optic stalk to the front of the eminentia thalami (prosomere P4). Inside this telencephalic domain, and according to the brain axis, the subpallium occupies the anterior part, and the pallium occupies the posterior part (Fig. 1, inset) . This assumption is corroborated by the finding of subpallial (x-Dll3, xNkx2.1) and pallial (x-Emx1, x-Pax6, x-Eomes) markers in their expected location (Fig. 1 ).
x-Dll3 and x-Nkx2.1 telencephalic expression allows the visualisation of both the pallio-subpallial boundary (psb) at the sharp dorsal limit of x-Dll3 domain (Figs. 1A, B and 2A) , and the presumptive future pallidum corresponding to the x-Nkx2.1 territory, included in the x-Dll3 positive domain (Figs. 1C, D and 2B) . These genes also label the diencephalon where their expression domains are overlapping. However, conversely to the situation in the telencephalon, x-Nkx2.1 expression is more extended than x-Dll3 (restricted to anterior hypothalamus and prosomere P3) and 1A , B and C, D). The three other markers analysed, x-Emx1, x-Pax6 and xEomes show a major expression in the telencephalon, and additional expression in the diencephalon ( Fig. 1E-J) . Their telencephalic expression domains are mainly located in the posterior x-Dll3 negative region, defined as the pallium, but are not identical along the antero-posterior and mediolateral axis. When compared to x-Emx1 and x-Eomes that seem to label the entire pallium, x-Pax6 expression at stage 32 is relatively weak, and allows the delimitation of pallial subdivisions (see Section 2.2).
In the diencephalon, x-Emx1 is localised exactly as in mouse, in basal prosomere P2 (Lui`s Puelles, personal communication). x-Eomes is expressed in prosomere P4 where its expression level is lower than in the pallium and helps the delimitation of the eminentia thalami, which serves as the limiting landmark between the telencephalon and the rest of the forebrain (Figs. 1I, J and 2G, see also inset of Fig. 1 ). x-Pax6 is strongly co-expressed with x-Dll3 in prosomere P3 and marks the di-mesencephalic boundary, just like in mouse (Mastick et al., 1997; Stoykova and Gruss, 1994) .
The results are presented at two different stages in Fig. 1 , for comparison. In some cases the expression patterns change slightly (compare C and D or G and H) . This is due to morphological changes, such as relative expansion of the hypothalamus or the pallium. The finding that the situation is the same across stages and that the boundaries seem to be already well established suggests that the patterning of the brain is set up as early as stage 32.
This overview based on whole-mount brains shows that the respective topography of the main patterning genes expression is relatively well conserved between Xenopus and other vertebrates. However, it is already possible at this level of analysis, to show that the telencephalic contribution to the brain and the pallial contribution to the telencephalon are surprisingly small when compared to chick and mouse (Fig. 6 ).
Analysis on sections
2.2.1. Subpallial genes: x-Dll3 and x-Nkx2.1
In mouse, six different Dlx genes have been described (Dlx1-6) (Zerucha and Ekker, 2000) . In Xenopus, only five paralogs have been found and there is no evidence for additional members in this species (Beanan and Sargent, 2000; Papalopulu and Kintner, 1993) . Here, we describe the expression pattern of the x-Dll3 gene, which is orthologous to mouse Dlx5, itself expressed in the subventricular and mantle zones (SVZ and MZ) of the rodent subpallium (Liu et al., 1997) .
In stage 32-40 Xenopus forebrain, x-Dll3 is expressed throughout the subpallium in the SVZ and MZ (Figs. 2A and 3A, pink/orange labelling) with the exception of a small anterior-most territory (asterisk in Figs. 1B, 2A, and 3A discussed below). Inside this large x-Dll3 positive domain, x-Nkx2.1 is expressed medially throughout the depth of the neuroepithelium (VZ, SVZ, and MZ) (Fig. 2B) . The xNkx2.1 positive area does not invade dorsally the small xDll3 negative area, conferring a pallial identity to this small region (summarised in Fig. 5A, B) .
In every vertebrate species studied, Nkx2.1 is commonly Fig.1 . In toto analysis of x-Dll3, x-Nkx2.1, x-Emx1, x-Pax6 and x-Eomes expression in Xenopus brain. Whole-mount dissected brains at stage 32 (left column, entire brain) and stage 35 (right column, focused on the forebrain) are photographed in lateral views. In all panels, anterior is left and dorsal is up. The arrowhead in (A,C,E,G,I) indicates the position of the psb between the pallium (pa) and the subpallium (spa). The asterisk in (B) points to the x-Dll3 negative area in the rostral forebrain, see text. The inset indicates the plan of sections for transverse (t) and horizontal (h) sections in the next figures, as deduced from the axis of the brain. This antero-posterior axis is indicated by black arrows. Therefore, in the telencephalon, a horizontal section is parallel to the axis and allows the visualisation of transverse boundaries and divisions. Abbreviations are in Table 1 . Scale bar ¼ 100 mm.
taken as an excellent marker for the medial ganglionic eminence (mge, the future pallidum). Indeed, in Nkx2.1 knockout mice, the pallidum is re-specified in a striatumlike structure (Sussel et al., 1999) . Furthermore, the situation in lamprey has also been described. In this species, which belongs to the vertebrate phylum and constitutes the sister group of gnathostomes (vertebrates with jaw), there is no strong anatomical argument to predict the existence of a pallidum (Reiner et al., 1998; Weigle and Northcutt, 1999) . Interestingly, there is also no expression of LjNkx2.1 (Lampetra japonica Nkx2.1) in the telencephalon (Murakami et al., 2001) (Fig. 6) . Therefore, we logically define the x-Dll3, x-Nkx2.1 positive domain as the Xenopus mge. Additionally, in mouse, Nkx2.1 expression is also a characteristic feature of the telencephalic stalk region (aep, anterior entopeduncular area). If a homologous territory exists in frogs, it should be found in this x-Nkx2.1 domain. A second, large, x-Dll3 positive and x-Nkx2.1 negative, subpallial subdivision is found anterior to the pallio-subpallial boundary (psb). We propose that this region might be the striatum (or lge, lateral ganglionic eminence) (Fig. 5A,  B) . This region also contains a large stream of cells that we identify as migrating/migrated x-Pax6 positive cells coming from the pallium (arrowheads on Figs. 2F, 3C , and 5B), by comparison with the Pax6 migratory cells described in mouse (Hallonet et al., 1998) . Moreover, the presumptive lge also contains a population of scattered, x-Emx1 positive cells in the marginal zone (arrowheads in Figs. 2C, D and 3B), a situation also described in mouse . These observations confirm the identity of this xDll3 positive, x-Nkx2.1 negative region as striatal (see also Section 2.3).
The precise analysis on sections reveals a third small region within the very rostral telencephalon, surrounded by x-Dll3 expression, which is x-Dll3 negative and xNkx2.1 negative (asterisks in Figs. 1B, 2A, 3A and 5A ). Given the position of this territory and its lack of subpallial marker expression, we tentatively call it the rostral pallium. This region might actually correspond to the olfactory bulb and the septum (Figs. 2D and 5A, B) . Indeed, a fraction of this region also contains discrete cells expressing the pallial markers x-Emx1 and x-Eomes, most probably representing migrating cells coming from the pallium (arrows in Figs. 2C, D, H and 5B). We suggest that such expression of pallial markers allows us to define the future olfactory bulb area, while the more medial region that expresses none of the studied genes might be the septum.
Pallial genes: x-Emx1, x-Pax6 and x-Eomes
x-Eomes belongs to the T-box genes family that contains several members, all sharing a highly conserved DNA binding domain named the T-domain (for review, see Papaioannou, 2001 ). In mouse, the Tbr1 expression domain is used to delimit the pallio-subpallial boundary when compared with the Dlx expression domain. In Xenopus, no Tbr1 ortholog has been described, but the x-Eomes gene corresponds to mouse Tbr2/chick c-Tbr2/zebrafish Eom. In these species, the comparison of expressions between the two paralogous genes (Tbr1 and Tbr2/Eomes) has been carried out, and has shown largely overlapping expressions in the pallium (Bulfone et al., 1999; Mione et al., 2001) . Consequently, we used the x-Eomes gene as a pallial marker.
The precise analysis of x-Eomes pattern on sections shows two stripes with distinct intensity levels on either side of the telencephalic/diencephalic boundary (Figs. 2G, H and 3A) . The weakly labelled domain corresponds most probably to the eminentia thalami in the P4 prosomere, which serves as a landmark between the telencephalon and the rest of the forebrain. Interestingly, the related gene eomesodermin was reported to be expressed in the chick eminentia thalami (Bulfone et al., 1999) . The strongly labelled domain, located just adjacent to the x-Dll3 defined psb, surely corresponds to the entire pallium (i.e. the VP, LP, DP and MP), where x-Eomes is expressed in the VZ, SVZ and MZ (Fig. 5B) .
We used x-Emx1 as a second pallial marker able to distinguish between pallial subdivisions in other vertebrates. In particular, it allows the definition of the VP (Fernandez et al., 1998; Puelles et al., 2000) . Similar to x-Eomes, x-Emx1 labels the entire pallium (Figs. 2C, D and 3B) . However, its differential expression through the width of the neuroepithelium delineates two compartments within the x-Dll3 negative pallium, which might correspond to DP/MP and VP/LP, respectively (Fig. 5A, B) : one dorsally located (DP/MP) domain, where x-Emx1 is expressed in VZ/SVZ/MZ, and one x-Dll3 adjacent (VP/LP) domain, where x-Emx1 is expressed only in the SVZ/MZ (Figs. 2D and 3B) . The VP/LP domain also happens to express x-Pax6 in the SVZ and MZ, whereas the DP/MP expresses x-Pax6 in the VZ/ SVZ (Figs. 2E, F and 3C) . The x-Pax6 negative MZ (asterisk on Figs. 2F and 3C) thus looks like an island in the pallium, prompting us to propose that it corresponds to the DP. Thus, the three pallial genes indicate the presence in the developing Xenopus telencephalon of two main subdivisions: the DP/MP on one hand, and the LP/VP on the other hand (Fig. 5A) . Moreover, the use of x-Pax6 might delineate DP from MP. This interpretation fits well with both anatomical, topographical, and gene expression parameters when compared to other vertebrates.
There are two Xenopus Pax6 genes described in the literature (Hirsch and Harris, 1997; Holleman et al., 1996) . The probe used in this study corresponds to the sequence whose expression profile was described by Hirsch and Harris. In mouse, Pax6 does not discriminate between pallial subdivisions, as it is homogeneously expressed in the VZ throughout the pallium, and is considered as an excellent general marker of the pallium, including the olfactory bulb . This species difference in Pax6 expression might be due to the existence of two paralogs in Xenopus, as after gene duplication each of the two duplicated genes is often found to be expressed in only a subdomain of the ancestral gene expression domain. On the other hand, Emx1 is also slightly differently expressed in mouse/chick as compared to Xenopus. Indeed, whereas we find x-Emx1 expressed in the outer layers of the VP, the absence of Emx1 (combined to absence of Dlx expression) has been used to demonstrate the existence of the VP compartment in amniotes . Nevertheless, x-Emx1 still appears as a valid marker of the VP against the DP/MP, due to the difference of expression in the VZ of the two compartments.
This ventral pallium issue has been already discussed in late embryonic Xenopus forebrain by Smith-Fernandez et al. as a transient structure (Fernandez et al., 1998) . More recently, it has been described in adult after calretinin immunostaining and x-Dll4/x-GAD expression patterns (Brox et al., 2002) . Because our study was done on early stages as compared to the work by Fernandez et al. we are not able to discuss the transient aspect of the VP. As shown in Figs. 2C, D, F and 3B, C we find that the VP is present in stages 32, 35 and 40 during Xenopus development.
As already mentioned earlier (Section 2.2.1), each of these pallial genes is also found in discrete subpopulations of cells located in the subpallium. As summarised in Fig. 5 , x-Emx1, x-Pax6 and x-Eomes are present in the striatum, whereas only x-Emx1 and x-Eomes are found in the previously defined bulb. Although the position of these groups of cells seem very similar, we cannot conclude as to whether the same cells express these pallial markers. More generally speaking, these data suggest that migratory processes across the psb are intense, and that they concern a rather large population of telencephalic cells (arrows and arrowheads in Figs. 2 and 3) . Table 1 for abbreviations.
The LIM-hd family members
LIM-hd transcription factors are cell-type specification factors. We then examined the relationship between regional specification genes and this other type of developmental genes by doing double in situ hybridisation (Fig. 4) . Among other subdivisions, we focused on the mge and the LP/VP which are well defined by x-Nkx2.1 and x-Pax6, respectively. x-Lhx5 and x-Pax6 (Fig. 4A) show a perfect coexpression in the VP/LP and prosomere P1, while their expression seems uncoupled in tectum, eye, and prosomere P3 (x-Lhx5 is expressed in ventral P3 (Bachy et al., 2001 ) whereas x-Pax6 is found in dorsal P3). Moreover, x-Lhx7 and x-Nkx2.1 (Fig. 4B) show totally superimposed patterns in the brain (mge and hypothalamus) but not in branchial arches and eye. Thus, depending on the region, LIM-hd genes are found to be co-expressed or not with patterning genes, but in all cases they respect the prosomeric limits that are expected to be established by regionalisation genes. Therefore, we propose that LIM-hd are well placed both in terms of expression and function to be candidate downstream target of the patterning regulators and that this link is tied to variations of the molecular context. The same holds true in mouse (Retaux et al., 1999) , even if the LIM-hd combinatorial expression within a given compartment can be different between the two species (Bachy et al., 2001 ).
Conclusions
Together with previous work on other species, this study strengthens the idea of a common Bauplan to build a brain across vertebrates. Given its intermediate position among vertebrates, Xenopus data were necessary to obtain an overview of this phylum. Among well-studied species, lamprey seemed peculiar in view of its tiny DP, as compared -in relative sizes -to the large DP in a well-developed pallium observed in chick and mouse (Fig. 6) . By compiling literature data on zebrafish, and analysing in detail Xenopus telencephalon, it appears that a small DP is a shared feature of all anamniotes, and that a large DP is an innovation which emerged with amniotes.
Experimental procedures

RT-PCR cloning
Total RNA from brains and cDNA were obtained according to the procedure detailed in Bachy et al. (2001) and used as template for PCR reactions. To isolate x-Pax6, oligonucleotide primers were chosen to recognize one Pax6 paralog (Genbank accession number: U77532) and were as follows: Pax6F: GGACCCGGCAGCGACTCAGAC; Pax6R: GGA-TGTCTGGCTGGGTACAGGG. Xenopus Nkx2.1 gene was isolated using primers designed in the already published sequence (Genbank accession number: AF281080) as follows: NkxF: CATGTCGATGAGTCCCAAGC; NkxR: CCAATCACCATGTCCTACC. Amplified fragments were subcloned into pGEM-T (Promega, Madison, WI, USA). The x-Dll3 plasmid was a gift from Nancy Papalopulu (Cambridge, UK), x-Emx1 plasmid was from Marion Wassef (Paris, France) and x-Eomes was from John Gurdon (Cambridge, UK).
In situ hybridisation
Antisense digoxigenin (DIG) RNA probes were synthesised according to the protocol described in Bachy et al. (2001) . Embryos (staged according to the table of Nieuwkoop and Faber) were fixed overnight at 48C in MEMFA and maintained in absolute methanol at 2208C until use. After Fig. 6 . Evolution of the relative size of telencephalic subdivisions in vertebrates. Schematic phylogenetic tree representing the major transitions in the vertebrate lineage. For each species a schematic brain is drawn with pallial (purple) and subpallial (green) telencephalic divisions. The brain drawings are obviously not to scale and therefore point to the relative size of the subdivisions. Lamprey is adapted from Murakami et al. (2001) , zebrafish is deduced from Rohr et al. (2001) and Hauptmann and Gerster (2000) , and chick and mouse are adapted from Puelles et al. (2000) . For zebrafish the pallial subdivisions are tentative, as these data are not available.
progressive re-hydration and pretreatments (see Bachy et al., 2001) , hybridisation step was done with 1 mg of a DIGlabelled RNA probe, in a 50% formamide containing medium overnight at 558C. Hybridisation was detected using an alkaline phosphatase-coupled anti-DIG antibody (Roche Diagnostics, Mannheim, Germany, dilution 1:1500). Alkaline phosphatase staining was developed with NBT/BCIP (Roche Diagnostics, Mannheim, Germany).
Two colour in situ hybridisation
To perform the two-colour whole-mount in situ the same procedure was followed except that the two probes were incorporated into the hybridisation buffer. One probe was labelled with DIG-UTP (Roche Diagnostics, Mannheim, Germany) and the other with fluorescein-UTP (Roche Diagnostics, Mannheim, Germany). The fluorescein-labelled probe was detected first, using an alkaline phosphatasecoupled anti-fluorescein antibody (Roche Diagnostics, Mannheim, Germany, dilution 1:1500) followed by NBT/ BCIP colour reaction. First staining reaction was stopped with glycine-HCl solution (pH 2.2) during 10 min, followed by four washes in PBS for 5 min. The second round of staining detected the DIG-labelled probe after overnight incubation with an alkaline phosphatase-coupled anti-DIG antiboby (see Section 3.2) and staining was obtained with INT/BCIP (Roche Diagnostics, Mannheim, Germany). For histological observation, labelled embryos were embedded in gelatin/albumin and vibratome sectioned at 25 mm. Photographs were taken on a Leica microscope equipped with a Nikon camera and processed for figures with Adobe Photoshop.
